The aim of this project was to further the research and understanding of the trans-femoral amputee's ability to walk and run by comparing the changes in walking and running inter-limb asymmetry. An objective biomechanical analysis was conducted on four male transfemoral amputees, all members of the Australian Paralympic training squad for the 1996 Atlanta Paralympic Games. The data was collected in the biomechanics laboratories at Queensland University of Technology and the Australian Institute of Sport. The main outcomes measure a synchronised 3D kinematic (200Hz), kinetic (600Hz) and temporal analysis of walking at self-selected (1.1-1.3m/s), and at maximal running speed (2.5-4.3ds). The walking and running biomechanical data was summarised into 27 indices of symmetry. The results showed that for all subjects the inter-limb asymmetry was significantly different at running speed, when compared to the walking speed. Using indices of symmetry 79% of the kinematic, 67% of the kinetic, and 67% of the temporal measurements identified better inter-limb asymmetry when the subjects walked, compared to running. This study objectively identified that when Paralympic level amputees ran on their standard running prosthesis, the inter-limb asymmetry was exacerbated.
Introduction
Lower limb amputees who enjoy and require physical exercise as part of their well being rely on the combination of their remaining amputated limb with their prosthesis. Any limitations in this integration result in some compensatory action by the amputee, which is demonstrated by their distinctive pattern of gait. Features of this pattern of gait include a slower walking speed and higher energy demands (Jaegers et al., 1995; Macfarlane et al., 1997; van der Linden et al. 1999) . Within these studies the transfemoral amputee walked significantly more slowly than the trans-tibia1 amputee and able-bodied control groups. This slower walking speed was attributed to limitations of the trans-femoral amputee's prosthesis in simulating lower limb function, demonstrated by inter-limb asymmetry. A common performance indicator when analysing gait has been the inter-limb asymmetry, or an asymmetry index (Giakas and Baltzopoulos, 1997; Bennell et al., 1999) . Although inter-limb symmetry is often assumed, research has shown that this inter-limb symmetry can vary (Sadeghi et al., 1997) . Biomechanical analysis of amputee walking gait highlighted asymmetry between the swing patterns of the prosthetic and anatomical limb (Hale 1992; Czerniecki, 1996) . This inter-limb asymmetry is considered reasonable considering the amputee's asymmetry in leg mass, energy source and proprioception. Kinetic ground reaction force measurements, in walking, have also identified inter-limb differences between the prosthetic and anatomical limbs (Engsberg et 01.. 1993) . Some of these limitations have been reduced by improved prosthetic components, such as the documented faster walking speed and an improved swing-phase symmetry index that results when the amputee wears a pneumatic rather than a mechanical swing-phase control knee unit (Boonstra et al., 1996) . However, despite these improvements in components the trans-femoral amputee's prosthesis is still reported as limiting their function and performance (Blumentritt el al., 1997) .
Following amputation the rehabilitation process contains several stages. Once the amputee has mastered walking gait, the active amputee may want to walk faster, and maybe even run. Some continue this progression to elite level sports such as the Paralympic Games. There are limited documented studies carried out on lower limb amputee running, despite the fact that lower limb amputees do compete in sport, and like the able-bodied population there are times when they may wish to run. Based on the published prosthetic limitations on walking it is speculated the lower limb prosthesis restricts the amputee's ability to run. The reported studies on amputee running have generally focused on trans-tibia1 amputees and have found a common correlationas the trans-tibia1 amputee's speed of running gait increased, so did the inter-limb asymmetry (Prince et al., 1992; Isakov et al.. 1996) . There are few corresponding studies on the trans-femoral amputee's running gait, and of those they typically have involved only one subject (Buckley, 2000) . Of those published, the delay in prosthetic swing phase was commonly reported. This is further demonstrated by the trans-femoral amputees' tendency to "hop-skip" when they increased their speed from walking to running (Mensch and Ellis, 1986) . As there are several documented cases of rehabilitated trans-tibia1 amputees running, and there are very few reported cases of trans-femoral amputees running, several questions arise as to why this is the case. In particular, does the trans-femoral amputee's prosthesis restrict their ability to run?
To further improve the amputee-prosthesis integration, this research tested and compared the performance of the trans-femoral amputee's prosthesis in walking and running gait situations. By documenting the changes in biomechanical measures when the development of force required by the amputee was increased. the outcomes of this research can assist understanding of the complex integration process between the amputee and their prosthesis. In addition, this research can also provide an insight into how the trans-femoral amputee can run. Based on the documented limitations of the prosthesis at walking gait it was anticipated that the function of the prosthesis in running would also be limiting, but the extent of this would be unknown. To quantify any change in performance of the prosthesis at these two different speeds, a biomechanical analysis was conducted and the results presented graphically and summarised as indices of symmetry. The study, involved four subjects, one of the largest subject numbers conducted, and investigated the biomechanical changes that occurred between walking and running speeds for Paralympic standard transfemoral amputees. It is proposed to use the findings from this study as a baseline for comparison with future studies that may involve some intervention in the standard prosthetic design, ultimately aimed at enhancing the functional performance of the trans-femoral amputee prosthesis for walking and running.
Methods

Design
Due to the extremely limited number of transfemoral amputees who currently run, a case study design was implemented. Ethical approval and signed consent forms were obtained prior to data collection.
Subjects
The subject group consisted of four male trans-femoral amputees who were a11 members of the Australian Paralympic squad for the 1996 Atlanta Paralympic Games, as shown in Table 1 . The subjects' stump length and surgical procedure is critical to the amputee's biomechanical performance, unfortunately it was not possible to determine the surgical procedure applied to the subjects in this study. As elite athletes all subjects had already determined their own combination of prosthetic components, as shown in Table 2 . No commercial manufacturer had any influence or control over the protocol for this research.
Menawes
To quantify objectively the symmetry of amputee walking and running gait a 1 plane I girdle synchronised biomechanical analysis was conducted which included measuring the threedimensional motion (kinematics), with the ground reaction force (kinetics), and the temporal data. The three-dimensional kinematic data were collected at 200Hz using four high speed eight millimetre lens calibrated cameras (Motion Analysis CorporationQ, Santa Rosa, California). Six reflective markers were placed on the subject over the following anatomical or similar prosthetic landmarks. To measure the pelvic rotation, markers were placed on the anterior superior iliac spine and the fifth lumbar vertebra. To monitor movement of the lower limb the markers were placed at the greater trochanter, lateral femoral epicondyle, lateral rnalleolus, and the distal end of the second metatarsal. From this data a total of 13 kinematic variables were measured in the sagittal, frontal and transverse planes, as shown in Table 3 . The  Table 4 . Definition of kinetic variables.
The peak loading force (BW)
Force in the anterior posterior direction 2. The impulse to the peak leading force (BW.s) 3. The peak push-off force (BW) 4. The impulse from the peak push-off force (BW.s) Force in the vertical direction 7. The deceleration impulse (BW.s) 8. The peak acceleration force (BW) 5. The total ground reaction force impulse (BW.s) 6. The peak deceleration force (BW) 9. The accelaration impulse (BW.s) absolute measurement was the difference between the maximum and minimum value for that variable. The kinetic data was collected at 600Hz using a single Kistler Force plate", (Kistler Instruments, model AG plate #9287A, Winterhur, Switzerland). The ground reaction force measurement 'in the vertical and anteriorlposterior directions was collected as shown in Table 4 pushing off that foot. The average speed for each trial was measured as the subject passed through the speed window created by two timing lights, set at a distance of 10 metres apart. The elapsed time between breaking each beam was recorded for each trial, and the mean period used to calculate the average speed.
The experimental protocol required the subjects to walk at a self-selected speed, and then run at maximal speed. Before attempting the running section, the swing phase resistances of the prosthetic limbs were "tuned" for running by a qualified prosthetist. In order to reduce the effects of fatigue, the subjects were free to rest as much as they felt necessary between trials. All subjects walked at a self-selected speed for approximately 20m, and repeated this for 10 complete trials. The complete process was repeated at maximal running speed, again for 10 complete trials. The maximum length of the runway in the biomechanics lab was 70m. Each individual trial was only accepted when the following conditions were satisfied. I. The subjects did not show obvious evidence of targeting the force plate by altering their gait pattern for a distance of at least 5 m before and after the force plate. 2. The subject's foot landed completely within the force plate area recommended by the manufacturer. 3. In the running trials maximum running speed was attempted.
Analyses
For each subject the 27 biomechanical variables were measured for a total of ten walking and ten running trials. Each group of ten trials was divided into two groups, five with the prosthetic limb landing on the force plate, and five with the anatomical limb landing on the force plate. For each variable, and for each limb, the mean and standard deviation of these five trials was calculated in both the walking and running activities. Graphical plots of the kinematic data displayed the position, speed and acceleration of the hip, knee, and ankle joints. For the kinetic data the vertical ground reaction force and anterior/posterior forces were graphed. For all subjects the mean and standard error envelopes were plotted to identify any significant difference between the prosthetic and anatomical limbs. To summarise this data an index of symmetry was used to compare both limbs for each of the 27 measures. This index was calculated by dividing the mean variable for the prosthetic limb by the same variable for the anatomical limb. The closer this index was to unity, the better the inter-limb symmetry for that measured variable.
Results
Due to the large amount of data collected and analysed the biomechanical measures have been presented in two formats, (i) selected typical individual measures are presented graphically, and (ii) all the biomechanical measures have been summarised and tabulated using indices of symmetry. The walking kinematic swing phase characteristics of the anatomical and prosthetic limb, for all subjects, are shown graphically in Figure 1 . This figure plots the mean hip flexiodextension angle as well as the standard error envelope. As seen in this figure the paths of the anatomical and prosthetic limbs are very similar, with the exception of the variation at the end of swing phase. As the standard error envelopes overlap no significant difference is considered between the prosthetic and anatomical hips, again with the exception of the final section of the swing phase. The same swing phase characteristics are plotted at running speed, as shown in Figure 2 . As seen in this figure the path of the anatomical and prosthetic limbs -is different, with both a phase shift and a different profile. Based on these differences, and the variations in the envelopes of the paths of the 2 hips at running, the inter-limb asymmetries are considered to be significantly different. The knee angular speed at walking and running for all subjects is shown in Figures 3 and 4 respectively. As with the kinematic data both the anatomical and prosthetic limb followed a similar pattern and profile when walking, and a significant variation when running. An example of the ground reaction forces profiles for the anatomical and prosthetic limbs is shown in Figure 5 . This figure identifies the changes in the kinetic forcehime variation profile as the speed of gait increased from walking to running.
A summary of the 13 kinematic symmetry indices for the four subjects is shown in Tables 5 and 6. For each subject and each parameter the better symmetry index (that is the closest index to unity) has been shaded to aid identification. A summary of the kinetic symmetry indices for all subjects is listed in Tables 7 and 8. The symmetry indices for the temporal data are listed in Tables 9 and 10. Subjects 1 and 2, maintained a period of double stance when running and therefore no flight time was recorded. The selfselected walking speeds for the subjects were 1.1-1.3mfs, and the running speeds were 2.5-4.3ds. A summary of the better indices of symmetry is shown in Table 11 , which clearly indicates that when the amputee ran, inter-limb asymmetry increased.
Discussion
The objective of this programme was to further the research and understanding of the trans-femoral amputee's ability to walk and run by comparing the changes in walking and running inter-limb asymmetry. Graphical plots of the biomechanical measures allowed the inter-limb pattern of movement to be observed as well as indicating regions of significant difference. Indices of symmetry were used to summarise these differences between all of the walking and running data and to indicate any change in performance. The data for the anatomical limb was compared to reference data from other studies (Oberg er al., 1993; Oberg  et al., 1994) , and was found to be normal. Interlimb symmetry for the able-bodied population is often assumed to exist. Whilst there is some research to suggest that this may not be the case, anatomical hips generally followed a similar for the purposes of this study inter-limb pattern at walking speed. There was no symmetry is assumed to exist and is a significant difference between these limbs, with benchmark for an improvement in functional the exception of the final 5% of swing phase, as gait (Sadeghi et al., 1997) .
shown in Figure 1 ; the difference at the end of swing phase being the reduced flexion of the Kinematic data prosthetic limb just prior to heel contact. This inter-limb asymmetry had been found in other For all subjects the path of the prosthetic and 
Flight time (s)
Step time (s)
Speed ( d s )
Subject I Subject 2
Walking Running Walking Running 1997) and was attributed to the requirement to maintain knee extension at heel contact so as to avoid buckling of the prosthetic knee unit under load. The graphical plot of the prosthetic and anatomical hip position during running demonstrated a difference, as shown in Figure 2 .
As seen in this figure the paths of the prosthetic and anatomical limbs were visibly and significantly different with a phase shift. The inter-limb hip asymmetry found at the end of swing phase when walking has been increased at running speed, and again was attributed to the prosthetic knee extension requirement. When running, this reduced flexion angle of the hip at heel strike naturally results in a smaller step length and therefore restricts the ability to run. This limitation of amputee running gait had been suggested in the literature (Mensch and Ellis, 1986) , but no indication of the degree of difference could be found. The knee angular speed indicated some significant inter-limb asymmetry between the prosthetic and anatomical limbs when walking, as shown in Figure 3 . This observation is consistent with other studies (Macfarlane rt al., 1997) . Again the pattern and degree of significantly different inter-limb asymmetry was dramatically increased when the subjects ran, as shown in Figure 4 . This finding was not found documented in other studies. The complete kinematic analysis for each subject was summarised by the use of symmetry indices and tabulated in Tables 5 and 6. As seen in these tables the angular speed of the prosthetic hip in extension was found to be greater than that of the anatomical hip, (with a symmetry index greater than unity). From the raw data this peak was found just prior to contact with the ground. The symmetry indices indicate that on avenge the prosthetic knee extended 1.6 times faster than the anatomical knee. This phenomenon is presumably a strategy for "locking" the prosthetic knee to provide stability prior to loading the limb in the stance phase. In every case the knee angular speed ratio in flexion was greater than unity, indicating a quicker flexion angular speed for the prosthetic knee. Yet in the majority of subjects, 3 out of the 4, the angular speed extension ratio was less than unity. These results also support other documented variations in swing patterns of the prosthetic limb (Zahedi rf d., 1987) . These findings of variations in knee flexion and extension indicate that the trans-femoral amputee had less control over the prosthetic knee, with the prosthesis tending to flick into flexion and taking longer to extend. The'hip hitch ratio between the prosthetic and anatomical limbs at walking and running was consistently greater than unity. This suggests that to ambulate, regardless of speed, the transfemoral amputee had a greater range of vertical displacement for their prosthetic hip, compared to their anatomical hip. This trait of hip hitch with the prosthetic limb had often been mentioned, possibly from general observations of amputee gait and is attributed to providing suitable toe clearance. No previous documented values of hip hitch could be found in the literature.
When comparing the kinematic differences for the standard prosthetic setup at the two different speeds of walking and running, the results clearly indicate that the amputee was more symmetrical when walking. When considering all four subjects, & shown in Table 11 , an average 10 out of the 13 or 79% of the kinematic symmetry indices favoured walking. This limitation of the prosthesis when attempting to run is consistent with the reported natural instinct of the trans-femoral amputee to "hopskip" when running (Mensch and Ellis, 1986) . Of the limited studies on trans-femoral amputee running gait, no study could be found that compared the difference between walking and running gait. This asymmetry dramatically increased during running, a finding not found in other studies which generally invoIved one subject (Buckley, 2000) .
Kinetic dotu.
A similar pattern of greater inter-limb asymmetry in running was found when analysing the kinetic data, as shown graphically in Figure 5 , which presents a typical ground reaction force profile for one subject. As seen in this figure, in walking the prosthetic and anatomical limbs ground reaction force profile follow a similar pattern, but with a greater force recorded. By comparison, at running the pattern of these two limbs and the order of magnitude were completely different. The summary of the complete kinetic data is presented in Tables 7  and 8 , which indicate an average of 6 out of the 9, or 67% of the measures found better interlimb symmetry at walking speed, when compared to running. As seen in these tables a larger loading impact force, as the symmetry index was greater than unity, was found in the majority of the prosthetic feet as the subjects ran. This can be attributed to the limited ability of he prosthetic ankle to absorb impact. These higher peak forces increased the potential for injury and discomfort for the amputee, which may explain why it is reported that trans-femoral amputees typically do not run (Jones, 1994) . The poor shock absorption characteristics of the prosthetic limb, identified in this current study, support the finding that higher loads are transmitted through the prosthesis to the stump and have been implicated in the breakdown of stump tissue at the prosthetic socket interface. There are also implications for knee joint stability, in that this larger loading force could require a greater extension moment at the prosthetic knee to ensure that it was fully extended when making contact with the ground (O'Connor, 1986) .
When analysing the walking kinetic symmetry indices for all subjects, the ground reaction force developed by the prosthetic limb was less than that of the anatomical limb, with the exception of four out of the total 36 kinetic variables measured. As the amputee ran, the number of indices less than unity increased to one quarter, indicating that at any speed, the prosthetic limb does not produce the same amount of ground reaction force as the anatomical limb. This result supports the findings of other studies (Summers et uf., 1987) . For both walking and running the symmetry indices for the total vertical ground reaction force impulse were consistently lower than unity, demonstrating the reduced function provided by the prosthetic limb. This feature was improved by the use of energy storing feet, such as the Flex Foot Modular 111, which produced a ratio of 0.97, when compared to the non-energy storing feet ratios of 0.56 and 0.65. It had been reported that the energy storing feet are the preferred choice for running activities (Mizuno et al., 1992) : this current study supports that conclusion.
The temporal analysis also followed the same pattern with a greater number of symmetry indices produced at walking, when compared to running, as shown in Tables 9 and 10. As with the kinetic data, 67% of the indices favoured walking, when compared to running. The selfselected walking speed ranged between 1.1 to 1.3m/s, and was consistent with other studies. In addition to having one of the largest subject groups of trans-femoral amputee runners, this study also recorded one of the fastest running speed for trans-femoral amputees, with one subject reaching a running speeds of 4 . 3 3 d s . Table 11 summarises the symmetry indices which along with the graphical data describe biomechanically the integration of the amputee and their prosthesis at self-selected walking speed, and then when the Paralympians ran. This study conclusively found the trans-femoral amputee prosthesis limits their function and indicated the need for further research into prosthetic design.
Conclusion
To further the development in prosthetics this study biomechanically analysed the transfemoral amputee prosthesis under typical walking conditions, and then as Paralympians ran. Inter-limb asymmetry was present at walking speed and increased significantly when running, highlighting that further research into prosthetic development is required.
